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ABSTRACT

A combination of restriction analysis and direct sequencing via the polymerase chain reaction (PCR)
was used to build trees relating mitochondrial DNAs (mtDNAs) from 50 individuals belonging to five
species of Australian babblers (Pomatostomus). The trees served as a quantitative framework for
analyzing the direction and tempo of evolution of an intraspecific length polymorphism from a third
mitochondrial ancestor. The length polymorphism lies between the cytochrome 4 and 12S rRNA
(srRNA) genes. Screening of mtDNAs within and between the five species with restriction enzymes
showed that Pomatosomus temporalis was polymorphic for two smaller size classes (M and S) that are
completely segregated geographically, whereas mtDNAs from the other four species were exclusively
of a third, larger size (L). Inter- and intraspecific phylogenetic trees relating mtDNAs based on
restriction maps, cytochrome & sequences obtained via PCR, and the two data sets combined were
compared to one another statistically and were broadly similar except for the phylogenetic position
of Pomatosomus halli. Both sets of phylogenies imply that only two deletion events can account for the
observed intraspecific distribution of the three length types. High levels of base-substitutional diver-
gence were detected within and between northern and southern lineages of P. temporalis, which
implies a low level of gene flow between northern and southern regions as well as a low rate of length
mutation. These conclusions were confirmed by applying coalescent theory to the statistical framework

provided by the phylogenetic analyses.

ESTRICTION analysis and direct sequencing via

the polymerase chain reaction (PCR) offer ge-
neticists two ways to answer questions about relation-
ships of individuals within and among species and
about structural evolution of mitochondrial DNA
(WILSON et al. 1985; AVISE et al. 1987; MORITZ,
DowLING and BROWN 1987; WRISCHNIK et al. 1987;
VIGILANT, STONEKING and WILSON 1988; HARRISON
1989; KOCHER et al. 1989; THOMAS et al. 1989;
THOMAS, MAA and WILSON 1989; VIGILANT et al.
1989; THOMAS et al. 1990). mtDNA variation has
been characterized before in a few birds (MACK et al.
1986; SHIELDS and WILSON 1987b; OVENDEN, MACK-
INLAY and CROZIER 1987; BALL et al. 1988). With
respect to patterns of mtDNA variation, bird species
display a wide variety of population structures ranging
from near panmixia (BALL et al. 1988) to discrete
geographic and subspecific differentiation (SHIELDS
and WiLsoN 1987b). In addition to abundant restric-
tion site polymorphisms, intraspecific variation in total
size of mtDNAs has been reported for two avian
species (AVISE and ZINK 1988). mtDNA length differ-
ences have also been detected in many other animal
species from nematodes to humans (reviewed in MoR-
ITZ, DOWLING and BROWN 1987). In those cases where
length variation was known to accompany differences
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detected with restriction enzymes, more often than
not the length differences show little geographic or
phylogenetic concordance with cleavage site differ-
ences (CANN and WILsON 1983; HARRISON, RAND and
WHEELER 1985; BENTZEN, LEGGETT and BROWN
1988). Exceptions to this generalization include
length mutations in rat mtDNA (HAvasHI et al. 1981),
small (1-bp) deletions in the small rRNA gene in
primates (HixsoN and BROWN 1986), and an inter-
genic length mutation in human mtDNA (WRISCHNIK
et al. 1987), all of which proved concordant with a
specific phylogenetic hypothesis derived from restric-
tion maps or sequences. WRISCHNIK et al. (1987) am-
plified and sequenced regions in multiple human
mtDNAs suspected by restriction analysis to exhibit
length polymorphisms. These sequences were used to
refine previously published gene trees based solely on
restriction analysis and to help identify a mtDNA
length mutation that may prove reliable as a pop-
ulation marker.

Here we analyze mitochondrial DNA evolution in
babblers belonging to the Australo-Papuan songbird
genus Pomatostomus using a combination of restriction
enzyme analysis and direct sequencing via PCR. These
babblers are best known to behavioral ecologists for
their conspicuous sociality and family group structure
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(BoEHM 1974; BROWN 1987 and references therein).
All five species are cooperative breeders in that sev-
eral, often related birds will assist a mated pair with
nest building and raising of the brood. The genus is
also of interest phylogenetically because of the recent
proposal based on DNA hybridization that they are
related more closely to other Australian songbirds
rather than to Palearctic babblers (SIBLEY and AHL-
QuIsT 1985; SIBLEY, AHLQUIST and MONROE 1988).
This paper characterizes and analyzes the inter- and
intraspecific distribution of a trio of discrete mtDNA
length variants. We used PCR to amplify and directly
sequence a portion of the cytochrome b gene of a
subset of these mtDNAs in order to assess the con-
cordance of phylogenetic trees based on analysis of
restriction sites and DNA sequences from the same
genomes. These analyses and combined data sets allow
us to answer two questions concerning the evolution
of mtDNA in Pomatostomus and of relevance to the
study of mtDNA length variation generally: (1) what
is the phylogeny of the length variants within and
between species and what does this phylogeny suggest
about the rate and pattern of genome size evolution
in Pomatostomus? and (2) what does the pattern of base
substitution within Pomatostomus temporalis imply
about population structure and dynamics and their
influence on the geographic distribution of mtDNA
length variants in this species?

MATERIALS AND METHODS

Field sampling and collecting localities: Babbler popu-
lations in Australia were sampled at eight localities (A-H)
from February to May 1987 (Table 1). All babbler species
are structured into sedentary, territorial, spatially distinct
family groups consisting of a breeding pair and several
helpers (BRowN 1987). These groups are easily delimited
and identifiable in the field. Each individual collected was
assigned to a numbered family group based on the spatial
locations of family groups within each locality. Livers and
hearts were dissected and placed in nunc tubes in liquid
nitrogen (—196°) within 2 hr of collection. The samples of
P. temporalis include representatives of the two main subspe-
cies, temporalis in the south and east and rubeculus in the
north (HALL 1974). The two samples of Pomatostomus isidori
(Table 1) were collected in Papua New Guinea by L. CHRIs-
TIDIS and R. SCHODDE. Tissue samples were flown on dry
ice from Australia and stored at Berkeley.

mtDNA isolation, restriction analysis and mapping:
mtDNA was highly purified by CsCl gradient centrifugation
essentially as described in BROWN (1980) and SHIELDS and
WILSON (1987a), except that it was often necessary to spin
the initial lysate of cells three or four times at 5000 rpm to
pellet nuclei and cellular debris more completely. A total of
74 mtDNAs from 51 family groups among the five species
were isolated and stored at —20° for length typing, restric-
tion mapping or enzymatic amplification. Restriction diges-
tion was conducted for 1-3 hr at 37° in reactions consisting
of 8-16 ul purified mtDNA (1 ug/ml), 2 ul of the appropri-
ate buffer, 1 ul bovine serum albumin (1 ug/ml), 5-10 units
restriction enzyme, and doubly distilled water for a total of
20 ul. Restriction fragments were end-labeled by adding 1

TABLE 1
Collecting localities and number of babbler mtDNAs studied

No. of mtDNAs (from n
family groups)®

Screened for

length polymor-
Place of collection® phism Mapped

P. temporalis

A. Blowclear West State Forest, NSW 8(7) 7(7)

B. Musheroo property, Cobar, NSW 9(4) 9(4)

C. Goonamurra property, Eulo, Qld. (N 1(1)

D. Cloncurry, Qld. 11 (5) 10 ()

E. near Woolner Station, NT 9 (6) 8 (6)

A-E 38 (23) 35 (23)
P. superciliosus

A. Blowclear, as above 8(7) 1(1)

F. Blanchtown, SA 3(2) 1(1)

G. Kimba, SA 3(3) 1(1)

AF G 14 (12) 3 (%)
P. ruficeps

B. Musheroo, as above 5(3) 2(2)

C. Goonamurra, as above 1(1) 1(1)

F. Blanchtown, as above 7 (6) 3(3)

H. Cunnamulla, Qld. 4(2) 2(2)

B,C,F,H 17 (12) 8 (8)
P. isidori

I. near Port Moresby, PNG 3(2) 2(2)
P. halli

C. Goonamurra, as above 1(1) 1(1)

J. 96 km west of Charleville, Qld. 1(1) 1(1)

C,]J 2(2) 2(2)

All places, all species 74 (51) 50 (38)

“For P. temporalis populations, babbler family groups within
each locality were on average about 0.3 km apart. The average
“area” of each locality was five square kilometers. Exact localities
can be obtained from S. V. EDWARDS. Abbreviations for regions in
Australia are NSW, New South Wales; Qld., Queensland; NT,
Northern Territory; SA, South Australia. PNG is Papua New
Guinea.

® See MATERIALS AND METHODS.

ul of large fragment Klenow DNA polymerase (New Eng-
land Biolabs), 1 ul each of the appropriate [**P]- or [*S]
dNTPs, 2 wl buffer and 16 gl doubly distilled water. All 74
mtDNAs were screened for length type using Sacll/BamHI
double digests; in profiles of Pomatostomus halli mtDNA or
those P. temporalis mtDNAs in which none of the diagnostic
fragments was present, digestion with other enzyme com-
binations and electrophoresis in 0.7-1.0% agarose gels per-
mitted length classification. Fifty of the 74 mtDNAs were
digested with six more enzymes recognizing six bases:
Hind]111, Sall, Xbal, Clal, Bglll and EcoRI. Restriction di-
gests were analyzed by electrophoresis in 0.7-1.2% agarose
and 40-cm 6% polyacrylamide gels. Among the five species,
six mtDNA types were chosen for mapping of sites produced
by the eight enzymes, using double digestion with 10-15
combinations of enzymes. For the remaining mtDNA types,
site differences were inferred directly from fragment pat-
tern comparisons if profiles were similar to one of the maps,
or from additional double digests.

Genomic DNA isolation and Southern blotting: Each
pellet (1-1.5 g) from the initial centrifugations used to
isolate mtDNA was transferred to a 50-ml sterile capped
plastic tube and suspended in 5 mi of STE buffer (50 mm
sodium chloride, 5 mm disodium ethylenediamine tetraace-



Songbird mtDNA Sequences 697

tate, 10 mM Tris, pH 8.0), 1.4 ml of 10% sodium dodecyl
sulfate, and 1.5 mg of Proteinase K (Sigma). The solutions
were incubated at 25-30° overnight with slight agitation;
cesium chloride equivalent to 1.25 times the weight of the
solution was then added and dissolved. The final solutions
were transferred to 13-ml sealable ultracentrifuge tubes
(Beckman), 4 ul of ethidium bromide (2 mg/ml) added, and
the tubes spun at 45,000 rpm for 24 hr. The band of
genomic DNA was visualized under UV light and extracted
with an 18-gauge syringe. The DNA was cleaned of ethid-
ium bromide and protein contaminants with several extrac-
tions with n-butanol and then precipitated with cold ethanol
and stored in 10 mM Tris, 1 mM ethylene diamine tetraa-
cetate at —20°.

Genomic DNA (10 pg) was electrophoresed in 0.7-1.0%
agarose gels and Southern blotting (SOUTHERN 1975) of
nuclear DNA was performed as described by KAN and
Dozy (1978). Probes specific to mitochondrial genes were
produced by enzymatic amplification of specific segments of
mtDNA using purified mtDNAs as templates (see below).
In each case the amplified product was extracted from a 2%
low melting point agarose preparative gel with a razor blade,
kept at 37° to prevent congealing, and **P-labeled with
random oligonucleotide primers (FEINBERG and VOGEL-
STEIN 1983).

Polymerase chain reaction and direct sequencing: For
use as probes on Southern blots, portions of the mitochon-
drial srRNA (386 bp) and cytochrome b (307 bp) genes
were amplified using, respectively, primer pairs L1091-
H1478 and L14841-H15149 (KOCHER et al. 1989). Single-
stranded templates for sequencing were produced by the
unbalanced primer method (GYLLENSTEN and ERLICH 1988)
from double-stranded templates and sequenced using the
limiting primer in the second PCR. A fifth primer, H15915
(5’-AACTGCAGTCATCTCCGGTTTACAAGAC-3’), was
used with 114841 to amplify a 1073-bp segment for use as
a second cytochrome b probe. One or two individuals rep-
resenting each mtDNA type as defined by restriction analysis
were chosen for amplification of the 307-bp cytochrome b
segment and sequenced as described (KOCHER et al. 1989).

Phylogenetic and statistical analyses: Each distinct re-
striction digestion pattern produced was given a letter des-
ignation. The matrix of restriction sites was analyzed with
PAUP version 3.0b (SWOFrFORD 1989), using Wagner parsi-
mony, in which the interconversions between any two char-
acter states are equally likely, and Dollo parsimony (DEBRY
and SLADE 1985), in which character (restriction site) gains
are minimized. Percent sequence divergence was estimated
from restriction maps by the method of WILSON et al. (1989).
Cytochrome b sequences were aligned by eye using the
program ESEE (CABOT and BECKENBACH 1989) and ana-
lyzed phylogenetically using PAUP (SwOFFORD 1989). In
each analysis, rooting was performed using an appropriate
outgroup. Confidence in particular branches was assessed
using the bootstrap procedure (FELSENSTEIN 1985). Boots-
trapping was performed on matrices in which only the
informative sites were included, and in the intraspecific (P.
temporalis) analyses of restriction side data, the maximum
number of trees stored per bootstrap replicate was set at
100. Statistical superiority of particular trees over compet-
ing hypotheses was assessed using the winning-sites method
(PRAGER and WILsON 1988). For the interspecific analyses,
an appropriate subset of the P. temporalis mtDNAs was used,
whereas in the combined set of restriction and cytochrome
b sequence data, all individuals were included.
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FIGURE 1.—Three classes of length variants shown by gel elec-
trophoresis of restriction digests of purified babbler mtDNA. Lanes
contain mtDNAs designated small (S), medium (M), and large (L)
size classes of mtDNA that were cut in double digests and end-
labeled with **S as described in MATERIALS AND METHODS. A, Sacll/
BamHI double digests. All three lanes with mtDNA have the gen-
otype pattern “AA” for these enzymes (Table 2). The bracket
labeled a indicates fragments bearing length mutations. B, HindI11/
BamHI double digests. The two L lanes show fragment pattern
“BA,” and the S and M lanes both show pattern “AA” (Table 2).
The arrow marked a indicates fragments bearing length mutations,
whereas the arrows marked b indicate fragment size variation due
to restriction site variation (note 0.6-kb fragments in L lanes). Lanes
marked A contain bacteriophage lambda DNA digested with
Hindlll. kb = kilobase pairs.

RESULTS

mtDNA length variation: Electrophoretic analysis
of initial double digests involving HindIll, BamHI,
and Sacll made it evident that discrete length differ-
ences in addition to restriction site changes might be
causing variation in digestion profiles both within and
between species (Figure 1). Sacll/BamHI digestion
profiles corresponding to the pattern “AA” (Table 2)
exhibited three fragments, whose mobilities corre-
sponded to either 0.9, 1.1, or 1.4 kb (Figure 1A).
Digestion profiles produced by enzymes that cut the
mtDNAs more frequently than those in Figure 1A
were nonetheless consistent with the Sacll/BamHI
double digests in that they possessed one fragment
that varied in length by increments of 200 and 300
bp between individuals (Figure 1B). Consistent with
the hypothesis of length variation was the observation
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TABLE 2

Sizes of fragments in digestion profiles showing discrete length
variation in babbler mtDNAs

Fragment size in kilobase pairs

temporalis®
Enzyme combination S M superciliosus ruficeps isidori  halli
Sacll/BamH1 (AA) (AA) (BA) (BA) (AD) (AE)
14+ 14+ 10+ 10+ 5.7 12—
1.7 1.7 4.0 4.0 43 19
0.9% 1.1% 1.7 1.7 26 1.7
1.4* 1.4% 1.7 1.0
1.6 0.6
1.4%¥ 0.4
HindIl11/ (AA) (AA) (AA) (BA)
BamHI
82 82 8.2 76 ND ND
5.6* b.8* 6.1% 6.1%
23 23 2.3 2.3
0.7 0.7 0.7 0.7
0.6
Clal/BamH]1 (AA) (AA) (CA) (AA) (ED)
8.0 8.0 8.0 80 59 n~p
77 1.7 5.2 7.7 4.1
1.1% 1.3% 2.5 1.6* 2.85
1.6* 2.8
1.65
Xbal/BamHI (AA) (CA) (BA) (FA) (ED)
10—* 10* 7.0 12— 53 n~ND
6.9 6.4 5.5 5.5 3.85
0.5 3.7 3.75
1.1 2.7
1.7
Sall (B) (D) (F) (E) (G (D)
9.6* 9.8* 15+ 9.1 17+ 10+*
72 56 1.7 6.8 5.6
1.4 1.4 1.4
0.25 0.25

Capital letters in parentheses refer to digestion patterns for the
individual enzymes (see Table 6, APPENDIX). Asterisks denote frag-
ments bearing length mutations. Plus or minus signs next to large
fragments (=10 kbp) indicate an approximate size deviation of the
fragment from the size given to the nearest kbp. ND, not done.

¢S and M indicate small and medium genome size classes.

that after different single and double digestions, spe-
cific mtDNA fragments varied discretely and predict-
ably in accordance with each mtDNA’s Sacll/BamHI
profile (Table 2). These fragment differences per-
sisted upon exhaustive digestion and were present in
muitiple double and single digestion profiles (Table
2).

Distribution of mtDNA length variation among
babblers: A total of 74 mtDNAs from 51 babbler
family groups were screened for length variation with
Sacll and BamHI (Table 1), and were designated small
(S), medium (M), or large (L) depending on the pres-
ence of the 0.9-, 1.1- or 1.4-kb fragment, respectively.
Sall digestion profiles of P. halli mtDNA suggested it
belonged to the large size class (Table 2), and electro-

Frequency

A

FIGURE 2.—Geographic distribution and frequencies of small (S)
and medium (M) mtDNA length variants in five populations of P.
temporalis. Letters A-E mark localities listed in Table 1. The heavy
lines partitioning Australia indicate the inland limit of the distri-
bution of this species.

phoresis of P. temporalis mtDNA types 11 and 13
(Table 6 in the APPENDIX) in lower density gels (see
MATERIALS AND METHODS) indicated that both were
of small size (not shown). Heteroplasmy, or the pres-
ence of multiple size classes of mtDNA within individ-
ual samples, was not detected in any samples.

Four of the five species were exclusively of type L,
whereas P. temporalis displayed only S (18/38 individ-
uals or 47%) and M (20/38 or 53%) types. Individuals
from southern populations of P. temporalis (localities
A, B and C, Table 1) are exclusively of type S, whereas
individuals from localities D and E are exclusively M
(Figure 2).

Localization of length variation: Typical hybridi-
zations of the srDNA PCR probe to Southern blots of
babbler DNA are shown in Figure 3. Whereas the
stTRNA probe hybridized to fragments bearing length
mutations (Figure 3A), the cytochrome & probe did
not (not shown). As predicted, the srDNA probe hy-
bridized to the 1.7-kb Sacll fragment spanning sites
within the small and large mitochondrial rRNA genes
(Figure 3B; CARR, BROTHERS and WILSON 1987). The
pattern of hybridization of the 1-kb cytochrome b
probe to blots of temporalis, superciliosus and ruficeps
DNA cut with BamH]I, Clal and Hind1II was identical
to that of the smaller cytochrome & probe (not shown).

mtDNA types 9 and 10 (temporalis, M and S, re-
spectively), 17 (superciliosus), 20 (ruficeps), 22 (isidori)
and 23 (halli) were chosen for restriction mapping
with the eight enzymes listed in MATERIALS AND METH-
obs, which produced an average of 18 sites per map
(Figure 4). In each map, the discretely varying frag-
ment lay directly to the left of a Clal (c or c*; Figure
4) site lying between the pair of conserved Sacll (s)
sites known to lie within the small and large rRNA
genes in diverse vertebrate mtDNAs (CARR, BROTH-
ERS and WILsSON 1987).

Direct sequencing of the probe produced by the
stTRNA primers (Figure 5) allowed alignment of the
probe’s map position with the above-described Clal
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FIGURE 3.—Hybridization of a mitochondrial srDNA probe to
Southern blots of babbler genomic DNA. S, M, and L indicate
individuals scored as having small, medium, and large mtDNAs,
respectively. A, detection of length mutations in fragments of DNA
cut with Clal/BamH]I. B, detection of the diagnostic 1.7-kb fragment
(indicated with arrow) in DNA cut with Sacll.

site (Figure 4), which is found in this gene in all but
one of the babbler mtDNAs (type 15; Table 6) and in
a human sequence (ANDERSON et al. 1981). Further-
more, we found no EcoRI sites in our sequence analysis
of a 0.9-kb cytochrome b segment (S. V. EDWARDS, P.

Length polymorphism

cytochrome b
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ARCTANDER and A. C. WILSON, unpublished results),
suggesting that this segment lies to the left of the
EcoRI site closest to the region showing length varia-
tion in the Pomatostomus ruficeps map (e; Figure 4).
Like many length variants described before in animal
mtDNA, the one present in babbler mtDNA lies in a
region between the cytochrome b and srRNA genes,
presumably in or near the control region, a noncod-
ing, rapidly evolving portion of the genome contain-
ing the heavy strand origin of replication (see SOLIG-
NAC, MONNEROT and MouNoLou 1983; HARRISON,
RAND and WHEELER 1985; DENSMORE, WRIGHT and
BrROWN 1985; Mor1TZ and BROWN 1986, 1987). The
pattern of hybridizations and alignments of the cyto-
chrome b and srRNA probes with these restriction
sites is compatible with the gene order and size of
chicken mtDNA (DESJARDINS and MoRrais 1990), al-
though experimental confirmation of this gene order
in babbler mtDNA is still required.

mtDNA map variability

Restriction site variation within P. temporalis:
Further mapping of 50 babbler mtDNAs identified a
total of 53 different sites among 23 distinct types
(Table 7 in APPENDIX). Only the two conserved Sacll
sites defining the 1.7-kb fragment were found in all
mtDNA types. Among the 15 mtDNA types detected
within P. temporalis (Table 6), the restriction survey
identified a total of 19 variable sites, ten of which
were phylogenetically informative (Table 7). Parsi-
mony analysis using both unordered and Dollo char-
acters revealed two major clades of mtDNAs (Figure
6A), one consisting of individuals from northern

FIGURE 4.—Restriction maps of
six types of babbler mtDNA. Scale in
kilobases appears at the bottom.
Numbers next to taxon names cor-
respond to types listed in Table 6 in
the APPENDIX; P. temporalis is repre-
sented by two maps, whose mtDNA
size classes are indicated. Restriction

srRNA

temporalis 9
medium

enzymes are designated as follows: a,
Sall; b, BamHI; ¢, Clal; e, EcoRI; g,
Bglll; h, Hindlll; s, Sacll; x, Xbal.

halli 23 c b

Asterisks  mark polymorphic sites
within species, or within mtDNA size
classes for P. temporalis. Insertions

superciliosus

relative to the map for temporalis type
10 are indicated by solid bars below
maps. Above all the maps, stippled

ruficeps 20

and solid bars indicate positions of
. the large cytochrome b and srDNA
probes, respectively (see MATERIALS

isidori 22

AND METHODS). The region contain-
ing the length polymorphism is indi-
cated. Two Xbal sites found only in
the superciliosus mtDNAs (Table 7 in

the APPENDIX) are not mapped; one
BamHI site unique to halli is not

kb o 2 4 6 8 10

mapped.
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Ctal
Babbler TTGATGCTTTATCTTACCTGAGCATCCGCCCGAGAACTACGAGCACTAACGCTTAAAACTCTAAGGACTTGGCGGTGC-CCAAACCCACCTAGAGGAGCCTGTTCTATAATCGATAAT
Human .CA.CAG..A.ATCA. . AAA.CTGCT....A..AC......... L o Acca.e. Covrennnne LI S P o Gueeas PP Y
1150 1200
Babbler CCACGATACACCTGACCATCCCTCGCCCATAACAGCCTATATACCGCCGTCGCCAGTYCACCCCCCCTGAAGTCCAACAGT GAGCGCAATAGTCTCTCCCACTAATACGACAGGTCAA
Human [ PR o/ S o ST 1 < PR A o AL TT...-CA.A...TGA,....~G.T...AA.TAA..GCA...-A.C.A.GTA..G...TT.......
1250 1300
Babbler GGTATAGCCTATGGGATGG-AAGTAATGGGCTACATTTCCTAAATTAGAAAATCACGGCACAGGGGT TTGAAATTACCCCTAGAAGGCGGATTTAGCAGTAAAGTGGGAT TATCGAG
Human PP - R, C...A.G...C...A.......... ...T...CCCC...... CT...AT.GCCCTTA.GA..C...AGGG.C..... Teceeoosansanane C.AA..G..GA.T.
1350 1400

FIGURE 5.—Sequence of a 351-bp segment of the srRNA gene in the grey-crowned babbler, Pomatostomus temporalis (type 1) aligned with
positions 1107-1449 of the human sequence (ANDERSON et al. 1981). The sequences were aligned with the Sellers’ alignment program on
the University of California, Berkeley, mainframe computer with a “gap penalty” of four. The alignment allowed the sequences to match at
237 positions; at the remaining 116 positions shown, there are 104 nucleotide differences and 10 deletions or additions totaling 12 bp.
Numbers below the sequences indicate the positions in the human mtDNA. The Clal site marked here in the babbler and human sequences
appears in Figure 4 directly below the indicated position of the srDNA probe and is present in every map depicted there.

A, Maps B, Sequences
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FIGURE 6.—Intraspecific trees relating mtDNAs of P. temporalis to those of P. halli. Numbers correspond to mitochondrial types listed in
Table 6 in the APPENDIX; the letters A and C denote localities in Table 1. No circles at tips represent small mtDNAs, closed circles medium
mtDNAs, and open circles large mtDNAs. South refers to mtDNAs from localities A-C (Table 1) and north to localities D and E. Both trees
were rooted using P. halli type 23C as an outgroup. A, Majority-rule consensus of 500 equally parsimonious trees (19 steps) found in
unordered parsimony analysis of the variable restriction sites listed in Table 7 in the APPENDIX. The tree search was aborted when 500 trees
had been saved; most of these trees differed from one another in the placement of mtDNAs within the southern and northern clades as
depicted in the figure. Branches leading to southern and northern types were found in 89% and 52% of 200 bootstrap replicates, respectively.
B, Majority-rule consensus of five equally parsimonious trees (34 steps) relating 16 P. temporalis cytochrome b sequences. In 200 bootstrap
replicates of the 13 informative sites (P. halli included), the indicated southern and northern clades were monophyletic 42% and 76% of the
time, respectively. See Table 8 in the APPENDIX for further statistical tests.

Queensland and the Northern Territory (localities D the northern and southern clades in the restriction

and E, Table 1 and Figure 2), the other containing
exclusively the individual from southern Queensland
and individuals from New South Wales (localities A—
C, Table 1 and Figure 2).

Using an improved method of estimating sequence
divergence from restriction maps (WILSON et al.
1989), the maximum depth of the northern and south-
ern clades corresponds to mtDNA sequence diver-
gences of about 3.4% and 5.8%, respectively (Table
3; means within clades: 1.4% and 2.3%, respectively).
Divergences between individuals of different clades
are higher (mean, 8.2%). Because small mtDNA ge-
nomes were present exclusively in populations A-C,

tree of temporalis mtDNA types also correspond to the
mtDNAs of medium and small lengths (Figure 6A).
Thus the length polymorphism analyzed here consti-
tutes a further case in which mtDNA length may serve
as a reliable genetic tag among mtDNAs within and
between species (¢f. WRISCHNIK et al. 1987; STONE-
KING and WILSON 1989).

Restriction site variation among species: A total
of 51 variable and 24 informative sites were detected
among the 23 mtDNA types. Interspecific divergence
estimates ranged from an average of 6.8% between
ruficeps and superciliosus to an average of 52% in
comparisons involving P. isidori (Table 3). In addition
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A, Maps B, Sequences
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FIGURE 7.—Interspecific trees relating mitochondrial types from
the five species of babblers (h = halli; i = isidori; r = ruficeps; s =
superciliosus; t = temporalis). Both trees were rooted with the
mtDNA of the New Guinean P. isidori (i). Open circles, closed
circles, and bare branch tips indicate large, medium, and small
mtDNA size classes, respectively. A, The single most parsimonious
tree (67 steps) based on unordered parsimony analysis of the restric-
tion site data in Table 7 in the APPENDIX. In 3 of 7 equally
parsimonious trees produced by Dollo parsimony halli is closest to
northern temporalis types 1 and 3, causing temporalis to be paraphy-
letic (not shown; see Table 8, APPENDIX). B, Consensus of two
equally parsimonious trees (94 steps) relating 15 cytochrome &
sequences. The numbers refer to the mtDNA types in Table 6 in
the APPENDIX. All trees except those in which Zalli falls within
temporalis support the hypothesis of a single origin of the large
mitochondrial genome size followed by two successive deletions
leading to the medium and small genomes present in temporalis (see
DISCUSSION).

r

171

to the eight mtDNA types detected in species other
than temporalis, four divergent temporalis types indi-
cated by the cytochrome b sequence analysis (types 1,
3, 12 and 15; see below) were chosen to represent this
species in interspecific analyses. Both the unordered
and Dollo analyses suggest that ruficeps and supercilio-
sus are mitochondrially sister species (Figure 7A),
though this association is not significant based on the
map data alone (see Table 8 in APPENDIX). The place-
ment of halli shifts among the trees, in some cases
causing the temporalis lineage to be paraphyletic (see
legend, Figure 7).

Cytochrome b sequences

Variability among babblers: Figure 8 shows the
sequences of the 282-bp portion of the cytochrome &
gene determined for 27 mtDNAs representing each
of the 23 types defined by restriction analysis (Tables
3 and 6). No deletions or additions were found in this
segment of cytochrome b relative to the human se-
quence (ANDERSON et al. 1981). A total of 64 positions
were variable among the 20 different sequences, 62
of which were phylogenetically informative. In three
cases involving ten mtDNAs, the short cytochrome
sequences failed to discriminate where restriction
analysis had (e.g., types 1E and 6-9D, Table 4). How-

ever, in each of the four cases in which multiple
individuals were sequenced for a single mtDNA type
defined by restriction analysis, further discrimination
of the type was evident (e.g., types 10A and 10C,
Table 4).

Sequence variation within P. temporalis: A total of
17 positions were variable among the 16 sequences (9
distinct sequences) from P. temporalis. Uncorrected
sequence differences (Table 4) ranged from none (0%;
e.g., types 7 and 8) to 11 differences (3.9%; types 2
and 5 vs. type 15; Table 4). Mean uncorrected pair-
wise differences between mtDNA types within north-
ern and southern groups averaged 1.4% and 1.3%,
respectively, with an average of 3.2% sequence differ-
ence between types from individuals of different geo-
graphic clades (Table 4). All of the substitutions within
temporalis are silent (Table 4). Phylogenetic analysis
of the 12 informative sites among the nine distinct
temporalis sequences yielded five equally parsimonious
trees (Figure 6B), the consensus of which agreed with
those produced by restriction enzymes (Figure 6A) in
that there are two major clades corresponding to the
geographically segregated small and medium genome
sizes. Trees indicating monophyly of both northern
and southern sequences were always superior, fre-
quently at a statistically significant level, to those in
which one or both of these clades were not monophy-
letic (Table 8).

Sequence variation among species: Uncorrected
percent differences for this segment of cytochrome &
within species other than temporalis ranged from 0.4
to 2.1% (mean number of differences = 2.8, or 1.0%),
and differences among species ranged from a mean
of 6.2% between halli and temporalis to 12.0% be-
tween isidori and other species (Table 4). The consen-
sus tree produced by analysis of 61 informative posi-
tions among 15 sequences (Figure 7B) agrees with the
restriction tree in Figure 7A in that Pomatostomus
superciliosus and ruficeps appear as sister species; the

'sequences suggest strong support for their association

relative to temporalis and halli by winning-sites anal-
yses (Table 8). P. halli, which appears as the sister
species to temporalis in all the trees derived by parsi-
mony analysis of the cytochrome b sequences (Figure
7B), would have been expected on the basis of plu-
mage patterns to be derived from superciliosus (FORD
1974; HaLL 1974).

Combined map and sequence analysis: When com-
bined, the restriction maps and cytochrome b se-
quences discerned a total of 27 mtDNA types among
the five species, with 115 variable sites. Combining
the data without modification is justified here, since
in no case was a restriction site found to lie within the
282-bp piece of cytochrome b that was sequenced, and
thus no sites in the combined data set were redundant.
Parsimony analysis using all 27 types with both P.
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TABLE 4

Comparisons of 27 cytochrome b sequences

temporalis halli superciliosus ruficeps isidori
MtDNAs
compared IE 2E 3E 5E 10C 10A 12B 14B 15A  23C 23] 16A 17G 17F 18F 19B 20F 21B 221 221
1E, 6D-9D — 0 0 0 0 0 0 0 0 1 1 2 2 2 0 1 0 0 8 8
2E 3 — 0 0 0 0 0 0 0 1 1 2 2 2 0 1 0 0 8 8
3E, 4E 6 5 — 0 0 0 0 0 0 1 1 2 2 2 0 1 0 0 8 8
5E 5 4 1 — 0 0 0 0 0 1 1 2 2 2 0 1 0 0 8 8
10C 10 9 10 9 — 0 0 0 0 1 1 2 2 2 0 1 0 0 8 8
10A,11B, 13B 9 8 9 8 I — 0 0 0 1 1 2 2 2 0 1 0 0 8 8
12B 10 9 8 7 2 1 — 0 0 1 1 2 2 2 0 1 0 0 8 8
14B 8 7 8 7 2 1 2 — 0 1 1 2 2 2 0 1 0 0 8 8
15A 10 11 10 11 8 7 8 6 — 1 1 2 2 2 0 1 0 0 8 8
23C 16 19 20 19 14 15 16 16 18 — 0 1 1 1 1 2 1 1 7 7
23] 17 20 21 20 15 16 17 17 19 1 — 1 1 1 1 2 1 1 7 7
16A 23 24 25 24 21 22 23 21 23 23 24 — 0 0 2 1 2 2 8 8
17G 24 25 26 25 22 23 24 22 24 24 25 1 — 0 2 1 2 2 8 8
17F 23 24 25 24 21 22 23 21 23 25 24 4 3 — 2 1 2 2 8 8
18F 25 26 25 24 27 26 25 25 25 29 28 22 23 20 — 1 0 0 8 8
19B 23 24 23 24 25 24 25 23 21 27 26 20 21 18 6 — 1 1 9 9
20F 24 25 24 23 26 25 24 24 24 28 27 23 24 21 1 5 — 0 8 8
21B 26 27 24 25 28 27 26 26 24 30 29 23 24 21 1 5 2 — 8 8
221 34 35 32 33 34 35 34 36 34 34 33 35 36 33 33 31 32 32 — 0
221 34 35 32 33 34 35 34 36 34 34 33 35 34 31 35 33 34 34 2 —

For each pair of sequences, numbers below the diagonal are the total number of observed differences (transitions and transversions), and
numbers above the diagonal the observed number of replacement substitutions. Identical sequences appear on the same line, making 20
distinct sequences for this 282-bp segment (Fig. 8). Letters next to mtDNA type numbers indicate localities from which types were chosen

for sequencing (see Tables 1 and 6).

istdori individuals as outgroups (Table 4) yielded 16
equally parsimonious trees. The consensus of these
trees agreed with those based on cytochrome & se-
quences (Figures 6B and 7B), and the differences
among the 16 trees were within each of the two clades
within temporalis. Bootstrap analysis indicated that the
northern and southern clades of temporalis were sup-
ported 81% and 90% of the time, respectively. Com-
bining the data sets also provided increased power of
discrimination among alternative interspecific hy-
potheses (Table 8), but still did not provide enough
data to discriminate at a statistically significant level
between monophyly and paraphyly of temporalis
mtDNAs relative to halli mtDNAs (interspecific tests,
Table 8).

DISCUSSION

Phylogeny and coalescence

There is growing interest in using coalescent theory
to analyze population processes (see TAVARE 1984;
TAKAHATA and NEI 1985). In the study of intraspe-
cific polymorphisms (in this case the length polymor-
phism in P. temporalis mtDNA), coalescent theory
makes it profitable to know the genealogy and extent
of divergence of alleles found both within the popu-
lation (or species) under study as well as in closely
related populations or species (see TAKAHATA 1989).
Furthermore, the introduction of statistical testing
into phylogenetic analysis makes it possible not only

to estimate the number and direction of length mu-
tations that have arisen in surviving temporalis lineages
but also to provide a framework in which coalescent
theory can be applied. In the following sections we
use the coalescent approach to estimate rates of gene
flow and mutation that are consistent with the geog-
raphy and phylogenetic distribution of the length
variation studied here.

Utility of phylogenetic analysis: Analysis of the
phylogenetic distribution of three length variants in
babbler mtDNA has allowed us to propose that the
two smaller size classes present in P. temporalis popu-
lations arose from a third, larger class present exclu-
sively in the other four species. Only by screening for
length variation outside P. temporalis were we able to
establish the evolutionary direction of the length var-
iation in this taxon; as few as two successive deletion
events in the past can account for the observed length
polymorphism present. Directional trends for mtDNA
genome size are not without precedent (SOLIGNAC,
MONNEROT and MouNoLOU 1986; BOYCE, ZwICK and
AQUADRO 1989) and have been visualized only in light
of phylogenetic analysis.

Restricted gene flow: SLATKIN (1989) found that
patterns of mtDNA variation in which there was com-
plete concordance of the mtDNA phylogeny with
geography were consistent with an hypothesis of low
levels of gene flow between the geographic regions
under consideration. The phylogeny of mtDNA
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length and site differences within P. temporalis con-
forms to such a pattern, and the branch separating
northern and southern clades is statistically supported.
Although the sample sizes required to reject an hy-
pothesis of high gene flow (>1 migrant/generation)
are met by the restriction data but not by the se-
quences (SLATKIN 1989), we view these data as con-
sistent with an hypothesis of very low gene flow be-
tween the northern and southern populations sampled
in this study. The estimate of G, (NEI 1987), or the
fraction of the total diversity apportioned among tem-
poralis populations, is 0.17, a value that would suggest
a moderate level of gene flow among the five popu-
lations sampled. However, we agree with SLATKIN and
MADDISON (1989) that in taxa such as P. temporalis, in
which the number of alleles relative to the sample size
is large and their frequencies per locality small, analy-
sis of geographic variation using G, is inadequate for
estimating historic levels of gene flow.

The geographic pattern of mtDNA length and site
variation within P. temporalis reflects a major biogeo-
graphic break running southeast from the Gulf of
Carpenteria and thought to underlie speciation pat-
terns in other taxa across this region (barrier B in
Figure 9 of CRACRAFT 1986; see KEasT 1961, 1981;
ScHODDE and CALABY 1972). The degree of mtDNA
divergence (Tables 3 and 4) and the number of diag-
nostic or nearly diagnostic sites for the taxa on either
side of this break (Table 7, Figure 8) is large for
subspecies of birds (AVISE and ZINK 1988), even when
our values for restriction data (Table 3) are corrected
to match the methods used to calculate per cent
divergence in earlier studies (not shown). These large
mtDNA differences between northern and southern
localities warrant further investigation into the spe-
cific status of P. t. temporalis and P. t. rubeculus (cf.
Royal Australasian Ornithologists’ Union 1926).

The distribution of shared mtDNA types among
families within the northern and southern clades is
consistent with there being little genetic structuring
imposed by family groups within P. temporalis. Of the
six family groups of this species whose mtDNAs were
characterized for multiple individuals in the restric-
tion survey, four possessed multiple mtDNA types
(Table 5). Furthermore, at the level of resolution
offered by the restriction maps and sequences, some
widely separated families possessed a mtDNA type in
common (Table 6), e.g., type 14 in several families in
localities A and B. While the conclusion based on this
pattern is consistent with electrophoretic studies in
this and other cooperatively breeding species (JOHN-

soN and BROwN 1980; MUMME et al. 1985), it needs
to be verified with larger sample sizes from multiple
localities. In summary, the geographic distribution of
the S and M length variants is likely determined
primarily by the pattern of high gene flow within
northern and southern regions occupied by P. tempo-
ralis and low gene flow between them.

Rate of length mutation estimated by coalescent
analysis: Coalescent theory provides a means of esti-
mating the apparent mutation rate of the length var-
iants from their underlying phylogenetic distribution.
Additionally, our statistical evaluation of the phylog-
enies provides the value for a parameter required for
application of coalescent theory. Figure 9 shows the
setting in which coalescent theory can be applied to
the pattern of length variation within P. temporalis.
Under the assumption of neutrality, the mutation rate
alone, g, is difficult to estimate without some knowl-
edge of the effective population size of mtDNA (N,
but their product, N, is more tractable. We can
approach estimates of the upper bound of Nmu by
noting that in Figure 9, the mtDNA length does not
change during time ¢, with a probability (Po). Py is
analogous to the probability that the » individuals
with small mtDNAs are a monophyletic group—namely
the statistical confidence of the branch leading to the
small mtDNAs, or at best about 0.99 (Table 8). As-
suming that mutation of mtDNA length occurs ac-
cording to a Poisson distribution, Py can also be de-
fined as ¢™*"", where T, is the total time in generations
in the phylogeny under consideration (N. TAKAHATA,
personal communication). T, is the sum of the individ-
ual coalescence times (1) of the n alleles sampled;
coalescent theory predicts that the distribution of ¢ is
an exponential function and is determined by N;. This
relationship causes ¢ to drop out of equations relating
Py and Nyu. Such an equation derived for a haploid
population from these assumptions is (EWENS 1979):

n—1
Po= TL(1/[1 + 2Npu/k), (1)
where 7 is the number of alleles sampled in the clade

diverging at time ¢, (Figure 9). For small values of
Ny, Py can be approximated as

I-[1+%+%B+ ... +1/(n— 1)]2Nu. (2)

Substituting for » = 18 and Py = 0.99 yields an
estimate of the upper bound of Nyu < 1.5 X 1072,
This value can be contrasted with the correspond-
ing range of values estimated using frequency-based
population genetic theory (BIRKY, FUERST and Ma-

sequence of P. temporalis type 1 is at the top. For other sequences, only differences from type 1 are shown, with identity indicated by a dot.
Number/letter combinations refer to types/localities from which individuals were chosen for sequencing (Table 6 in the APPENDIX). Numbers
at the bottom give positions in accordance with the human sequence (ANDERSON et al. 1981). The sequences (positions 14885-15123) of
individuals 1E, 17F, 18F and the first of the two 221 types are here repeated from KOCHER et al. (1989); the sequence reported for 221 at

positions 15109-15110 in KOCHER et al. (1989) is here corrected.
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TABLE 5

Estimates of diversity (k) within family groups of P. temporalis

Number
Family Number of sampled
number Locality® mtDNA types (n) h
10 B 2 3 0.67
11 B 3 3 1.0
12 B 1 2 0.0
13 E 3 3 1.0
22 D 3 3 1.0
23 D 1 4 0.0

Calculated according to the equation & = (1 — ¥x¥n/(n — 1),
where x; is the frequency of the ith mtDNA type.
% See Table 1.

RUYAMA 1989) for Gryllus crickets. To estimate p,
RAND and HARRISON (1989) used diversity indexes of
three mtDNA size classes within and between individ-
uals of Gryllus firmus and a field estimate of about 10°
for Ny, and found that ¢ =107%; these values yield a
rough estimate of N of 107", The value of Nyu for
P. temporalis estimated in a phylogenetic context is
thus approximately 100 times lower than that esti-
mated for crickets. While we have no reliable estimate
of Ny for P. temporalis at this time, many birds have
estimated effective population sizes on the order of
10%-10®° (BARROWCLOUGH 1980, 1983; BARROW-
CLOUGH and SHIELDS 1984). This value would yield a
range of estimates of u that are 10-100 times lower
than that estimated for crickets using frequency-based
population genetic theory.

Our estimate of a lower bound on Ny (based on
the probability that one medium-to-small mutation
takes place during time #y; Figure 9) is hampered by
our lower confidence in the monophyly of temporalis
small and medium mtDNAs as a whole (Table 8).
However, the upper bound estimate of Ny is also
consistent with the observation of two deletion events
along branches about 12 times longer than ¢ (N.
TAKAHATA, personal communication), a relative time
that is consistent with the interspecific mtDNA diver-
gences of lineages on which these deletions occur
(Table 4, Figure 9).

This method of calculating Nyu assumes that the
rate of length mutation occurs according to a Poisson
distribution and that all alleles are neutral; neither
idea is necessarily correct (GILLESPIE 1986), particu-
larly when applied to intraspecific distributions of
mtDNA length variants, for which selection on small
genome size has been invoked (MoriTz, DOWLING
and BROwWN 1987; RaND and HARRISON 1989). In
addition, the order of magnitude of the resulting value
of Nyu is sensitive to the probabilities of there being
no change during ¢,. However, our preliminary result
is quite consistent with the contrast in patterns of
inter- and intraspecific distribution of three mtDNA
size classes analyzed here and in G. firmus, the latter

to

FIGURE 9.—Schematic framework for estimating mutation rate
of length differences in P. temporalis miDNA. The hollow bar
denotes the deletion event converting medium to small mtDNAs.
Py represents the probability that no length-mutational events took
place during ¢,. The n = 18 represents the number of P. temporalis
mtDNAs scored as belonging to the small length class. See text for
discussion.

of which showed extensive heteroplasmy and within-
population variation for mtDNA size (RAND and HAR-
RISON 1989). Although the location of the length
variation in the control region needs to be confirmed
by sequencing studies, our estimate of N;u would
suggest a mutation rate much lower than that ex-
pected for base substitution in the control region
(VIGILANT ¢t al. 1989). A mutation rate lower than
those responsible for most length polymorphisms in
the control region (BERMINGHAM, LAMB and AVISE
1986; HALE and SINGH 1986; BOURSOT, YONEKAWA
and BONHOMME 1987; RAND and HARRISON 1989;
BUROKER ¢t al. 1990) is consistent with both the lack
of heteroplasmy and the high degree of geographic
structure within P. temporalis.

Dynamics of cytochrome b evolution

The evolutionary dynamics of the bird cytochrome
b sequences presented here are similar to those de-
scribed for functional mitochondrial protein-coding
genes in other vertebrates (WILSON et al. 1985). The
differences between the most similar sequences show
an extreme bias toward transitions (Figure 10). This
pattern is underscored by the observation that, within
all species as well as among temporalis, superciliosus,
and halli, exclusively transitions occur, with transver-
sions accumulating only in interspecific comparisons
involving ruficeps and isidori (Figures 8 and 10). The
bias for transitions displayed by this segment of bab-
bler cytochrome b extends observations of the behav-
ior of this gene in a smaller number of individuals
(KOCHER et al. 1989). Although pairwise analysis of
the cytochrome b sequences suggests that the process
of cytochrome b evolution involves a transition/trans-
version ratio of approximately 20 to 1 (Figure 10), in
tracing the most parsimonious patterns of nucleotide
substitution along phylogenetic trees (e.g., Figure 6,
A and B), one observes well over 20 transitions before
the first transversion. In agreement with this possibil-
ity, we note that the number of observed transitions
in this segment of cytochrome & is already in the
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FIGURE 10.—Patterns of nucleotide substitution among 27 bab-
bler cytochrome & sequences in Figure 8. The upper panel plots
the average number of transitions per transversion drawn from a
matrix of pairwise comparisons of the 20 distinct sequences among
the 27 mtDN As sequenced. Vertical lines represent absolute ranges
of the number of transitions in each transversion class; solid boxes
represent means within classes of comparisons with different num-
bers of transversions. The lower panel compares replacement sub-
stitutions vs. transversions for the 20 distinct sequences, with pair-
wise values for replacements drawn from Table 4.

multiple-hit zone within this songbird genus (Figure
10).

Most of the variation in this segment occurs in the
third position of codons (49 of 64 sites or 77%; Figure
8). The observed proportion of variable sites by posi-
tion among the 94-codon sequences corresponds to
approximately 13%, 3% and 52%, respectively, of
first, second and third positions. The relative varia-
bility at these positions is typical for other mitochon-
drial protein-coding genes studied (e.g., BROWN et al.
1982; THOMAs and BECKENBACH 1989). Thus, despite
the fact that transitions as a group may enter the
multiple-hit zone within this genus, the third position
transitions are likely the first to enter this zone. By
contrast, the rate of replacement substitution in the
cytochrome b segment is very low. This bias for silent
substitutions is consistent both with the transition bias
(since most synonymous substitutions are transitions)
and with the low ratio of second to third position
changes; indeed, replacements accumulate as slowly
as do transversions (Figure 10). Although informative,
the number of silent substitutions displayed by this
short segment of cytochrome & alone is too small to
be of rigorous use in studying within-region or within-
population variation, and longer or more variable
mtDNA sequences (e.g., in the control region) are
likely to prove more valuable for this purpose.

We thank W. BOLES, L. CHRISTIDIS, M. KING, S. and M. PRUETT-
Jongs, R. ScHODDE and N. SCHRADER and family for helping S.V.E.
with field equipment, logistics and hospitality. The Departments of
National Parks and Wildlife Service of Queensland, South Australia
and New South Wales and the Conservation Commission of the
Northern Territory granted collecting permits. D. M. IRWIN and
U. B. GYLLENSTEN provided advice about laboratory techniques,
and A. SIDOW wrote a computer program to facilitate analysis of
DNA sequences. We thank D. M. IrwiN, N. K JOHNSON, J. L.
PATTON, M. SLATKIN, W. K. THOMaAs, and especially E. M. PRAGER
and N. TakaHATA for helpful discussion and comments on the
manuscript. This work received support from a National Science
Foundation graduate fellowship to S.V.E. and from National Sci-
ence Foundation and National Institutes of Health grants to A.C.W.

LITERATURE CITED

ANDERSON, S., A. T. BANKIER, B. G. BARRELL, M. H. L. DE BRUIJN,
A. R. CouLsoN, ]. Droun, I. C. EPERON, D. P. NIERLICH, B.
A. ROE, F. SANGER, P. H. SCHREIER, A. J. H. SMITH, R. STADEN
and I. G. YOUNG, 1981 Sequence and organization of the
human mitochondrial genome. Nature 290: 457-465.

AVIsE, J. C., and R. M. ZINK, 1988 Molecular genetic divergence
between avian sibling species: King and Clapper Rails, Long-
billed and Short-billed Dowitchers, Boat-tailed and Great-tailed
Grackles, and Tufted and Black-crested Titmice. Auk 105:
516-528.

AVISE, . C., J. ARNOLD, R. M. BaLL, E. BERMINGHAM, T. Lams, J.
E. NeiGeL, C. A. ReEeB and N. C. SAUNDERs, 1987
Intraspecific phylogeography: the mitochondrial DNA bridge
between population genetics and systematics. Annu. Rev.
Ecol. Syst. 18: 489-522.

BaLL, R. M., Jr,, S. FREEMAN, F. C. JAMES, E. BERMINGHAM and ].
C. Avisg, 1988 Phylogeographic population structure of red-
winged blackbirds assessed by mitochondrial DNA. Proc. Natl.
Acad. Sci. USA 85: 1558-1562.

BARROWCLOUGH, G. F., 1980 Gene flow, effective population
sizes, and genetic variance components in birds. Evolution 34:
789-798.

BARROWCLOUGH, G. F., 1983  Biochemical studies of microevolu-
tionary processes, pp. 223-261 in Perspectives in Ornithology,
edited by A. H. BrusH and G. A. CLARK, Jr. Cambridge
University Press, Cambridge.

BARROWCLOUGH, G. F,, and G. F. SHIELDs, 1984 Karyotypic ev-
olution and long-term effective population sizes of birds. Auk
101: 99-102.

BENTZEN, P., W. C. LEGGETT and G. G. BROWN, 1988 Length
and restriction site heteroplasmy in the mitochondrial DNA of
American shad (Alosa sapidissima). Genetics 118: 509-518.

BERMINGHAM, E., T. LAMB and J. C. Avise, 1986 Size polymor-
phism and heteroplasmy in the mitochondrial DNA of lower
vertebrates. J. Hered. 77: 249-252.

BIRKY, C. W., P. FUERST and T. MaRUYAMA, 1989 Organelle
gene diversity under migration, mutation, and drift: equilib-
rium expectations, approach to equilibrium, effects of hetero-
plasmic cells, and comparison to nuclear genes. Genetics 121:
613-627.

BoenM, E. F., 1974 Results of banding chestnut-crowned bab-
blers. Aust. Bird Bander 12: 76-78.

BoursoT, P., H. YONEKAWA and F. BONHOMME, 1987 Hetero-
plasmy in mice with deletion of a large coding region of mito-
chondrial DNA. Mol. Biol. Evol. 4: 46-55.

Bovcg, T. M., M. E. Zwick and C. F. AQUADRO, 1989 Mitochon-
drial DNA in the bark weevils: size, structure and hetero-
plasmy. Genetics 123: 825-836.

BrOwN, J. L., 1987 Helping and Communal Breeding in Birds:
Ecology and Evolution. Princeton University Press, Princeton,
N.J.



708 S. V. Edwards and A. C. Wilson

BrOwN, W. M., 1980 Polymorphism in mitochondrial DNA of
humans as revealed by restriction endonuclease analysis. Proc.
Natl. Acad. Sci. USA 77: 3605-3609.

BrROWN, W. M., E. M. PRAGER, A. WANG and A. C. WILSON,
1982 Mitochondrial DNA sequences of primates: tempo and
mode of evolution. J. Mol. Evol. 18: 225-239.

BUROKER, N. E,, J. R. BROWN, T. A, GILBERT, P. J. O’'Hara, A. T.
BECKENBACH, W. K. THOMAS and M. J. SMiTH, 1990 Length
heteroplasmy of sturgeon mitochondrial DNA: an illegitimate
elongation model. Genetics 124: 157-163.

CapoT, E. L., and A. T. BECKENBACH, 1989 Simultaneous editing
of multiple nucleic acid and protein sequences with ESEE.
Comput. Appl. Biosci. 5: 233-234.

CANN, R. L.,and A. C. WiLsoN, 1983 Length mutations in human
mitochondrial DNA. Genetics 104: 699-711.

CARR,S5. M., A, J. BROTHERS and A. C. WILsON, 1987  Evolutionary
inferences from restriction maps of mitochondrial DNA
from nine taxa of Xenopus frogs. Evolution 41: 176-188.

CRACRAFT, J., 1986 Origin and evolution of continental biotas:
speciation and historical congruence within the Australian avi-
fauna. Evolution 40: 977-996.

DEBRrY, R. W.,and N. A. SLADE, 1985 Cladistic analysis of restric-
tion endonuclease cleavage maps within a maximum likelihood
framework. Syst. Zool. 30: 21- 34.

DENSMORE, L. D, J. W. WRIGHT and W. M. BrowN, 1985 Length
variation and heteroplasmy are frequent in mitochondrial DNA
from parthenogenetic and bisexual lizards (genus Cnemidopho-
rus). Genetics 110: 689-707.

DESJARDINS, P., and R. Morais, 1990 Sequence and gene orga-
nization of the chicken mitochondrial genome. A novel gene
order in higher vertebrates. . Mol. Biol. 212: 599-634.

EwENs, W. J., 1979 Mathematical Population Genetics. Springer-
Verlag, Berlin.

FEINBERG, A. P, and B. VOGELSTEIN, 1983 A technique for
radiolabeling DNA restriction fragments to high specific activ-
ity. Anal. Biochem. 132: 6-13.

FELSENSTEIN, J., 1985 Confidence limits on phylogenies: an ap-
proach using the bootstrap. Evolution 39: 783-791.

Forp, J., 1974 Speciation in Australian birds adapted to arid
habitats. Emu 74: 161-168.

GILLESPIE, |. H., 1986 Rates of molecular evolution. Annu. Rev.
Ecol. Syst. 17: 637-665.

GYLLENSTEN, U. B., and H. A. ERLICH, 1988 Generation of single-
stranded DNA by the polymerase chain reaction and its appli-
cation to direct sequencing of the HLA-DQA locus. Proc. Natl.
Acad. Sci. USA 85: 7652-7656.

HaLE, L. R, and R. S. SINGH, 1986 Extensive variation and
heteroplasmy in size of mitochondrial DNA among geographic
populations of Drosophila melanogaster. Proc. Natl. Acad. Sci.
USA 83: 8813-8817.

HaLL, B. P. (Editor), 1974 Birds of the Harold Hall Australian
Expeditions: 1962-1970. Trustees of the British Museum of
Natural History, London.

HARRISON, R. G., 1989 Animal mitochondrial DNA as a genetic
marker in population and evolutionary biology. Trends Ecol.
Evol. 4: 6-11.

HarrisoN, R. G., D. M. Ranp and W. C. WHEELER,
1985 Mitochondrial DNA size variation within individual
crickets. Science 228: 1446-1448.

HavasHi, J.-1., J. TacasHIRA, K. MORIWAKI and T. H. YOsIDA,
1981 Polymorphisms of mitochondrial DNAs in Norway rats
(Rattus norvegicus): cleavage site variations and length poly-
morphism of restriction fragments. Mol. Gen. Genet. 184: 337—
341.

Hixson, J. E., and W. M. BROWN, 1986 A comparison of the
small ribosomal RNA genes from mitochondrial DNA of the
great apes and humans: sequence, structure, evolution, and
phylogenetic implications. Mol. Biol. Evol. 3: 1-18.

JOHNSON, M. S, and J. L. BROwWN, 1980 Genetic variation among
trait groups and apparent absence of close inbreeding in grey-
crowned babblers. Behav. Ecol. Sociobiol. 7: 93-98.

Kan, Y. W, and A. M. Dozy, 1978 Polymorphism of DNA
sequence adjacent to human g-globin structural gene: relation-
ship to sickle mutation. Proc. Natl. Acad. Sci. USA 75: 5631-
5635.

KeasT, A., 1961 Bird speciation on the Australian subcontinent.
Bull. Comp. Mus. Zool. 123: 305-495.

Keast, A., 1981 The evolutionary biogeography of Australian
birds, pp. 1589-1635 in Ecology and Biogeography of Australia,
edited by A. KEAST. W. Junk, The Hague.

KocHEr, T. D., W. K. THOMAS, A. MEYER, S. V. EDWARDS, S.
PAABo, F. X. ViLLapLaANcA and A. C. WiLsoNn,
1989 Dynamics of mitochondrial DNA evolution in animals:
amplification and sequencing with conserved primers. Proc.
Natl. Acad. Sci. USA 86: 6196-6200.

Mack, A. L, F. B. GuL, R. CoLBurN and C. SPOLSKY,
1986 Mitochondrial DNA: a source of genetic markers for
studies of similar passerine bird species. Auk 103: 676-681.

MappisoN, W. P., 1989 Reconstructing character evolution on
polytomous cladograms. Cladistics 5: 365-377.

Moritz, C., and W. M. BROWN, 1986 Tandem duplication of D-
loop and ribosomal RNA sequences in lizard mitochondrial
DNA. Science 233: 1425-1427.

Moritz, C., and W. M. BRowN, 1987 Tandem duplications in
animal mtDNAs: variation in incidence and gene content
among lizards. Proc. Natl. Acad. Sci. USA 84: 7183-7187.

Morirz, C., T. E. DOWLING and W. M. BRowN, 1987 Evolution
of animal mitochondrial DNA: relevance for population biol-
ogy and systematics. Annu. Rev. Ecol. Syst. 18: 269-292.

MumME, R. L., W. D. Kognig, R. M. ZINK and J. M. MagrTIN,
1985 An analysis of genetic variation and parentage in a
California population of acorn woodpeckers. Auk 102: 305~
312.

NEI1, M., 1987 Molecular Evolutionary Genetics. Columbia University
Press, New York.

OvenDEN, J. R, A. G. MackintAy and R. H. CROZIER,
1987 Systematics and mitochondrial genome evolution of
Australian rosellas (Aves: Platycercidae). Mol. Biol. Evol. 4:
526-543.

PRAGER, E. M., and A. C. WiLsON, 1988 Ancient origin of lactal-
bumin from lysozyme: analysis of DNA and amino acid se-
quences. J. Mol. Evol. 27: 326-335.

RanD, D. M., and R. G. HARRISON, 1989 Molecular population
genetics of mtDNA size variation in crickets. Genetics 121:
551-569.

Royal Australasian Ornithologists’ Union, 1926  The Official Check-
list of the Birds of Australia, 2nd edition. Royal Australasian
Ornithologists’ Union, Sydney.

ScHoDDE, R., and J. H. CaLABY, 1972 The biogeography of the
Australo-Papuan bird and mammal faunas in relation to the
Torres Strait, pp. 257-300 in Bridge and Barrier: The Natural
and Cultural History of the Torres Strait, edited by D. WALKER.
Research School Pacific Studies. (Australian National Univer-
sity), Canberra.

SuIeLDs, G. F., and A. C. WiLsoN, 1987a Calibration of mito-
chondrial DNA evolution in geese. J. Mol. Evol. 24: 212-217.

SHIELDS, G. F., and A. C. WILSON, 1987b Subspecies of the
Canada goose (Branta canadensis) have distinct mitochondrial
DNAs. Evolution 41: 662-666.

SLEY, C. G., and J. E. AHLQUIST, 1985 The phylogeny and
classification of the Australo-Papuan passerine birds. Emu 85:
1-14.

SiBLEY, C. G., J. E. AHLQUIST and B. L. MONROE, Jr., 1988 A
classification of the living birds of the world based on DNA-
DNA hybridization studies. Auk 105: 409-423.



Songbird mtDNA Sequences 709

SLATKIN, M., 1989 Detecting small amounts of gene flow from
phylogenies of alleles. Genetics 121: 609-612.

SLATKIN, M., and W. P. MADDIsSON, 1989 A cladistic measure of
gene flow inferred from the phylogenies of alleles. Genetics
123: 603-613.

SOLIGNAC, M., M. MONNEROT and J.-C. MouNOLou, 1983 Mito-
chondrial DNA heteroplasmy in Drosophila mauritiana. Proc.
Natl, Acad. Sci. USA 80: 6342-6946.

SOLIGNAC, M., M. MONNEROT and ].-C. MouNoLou, 1986 Con-
certed evolution of sequence repeats in Drosophila mitochon-
drial DNA. J. Mol. Evol. 24: 53-60.

SOUTHERN, E. M., 1975 Detection of specific sequences among
DNA fragments separated by gel electrophoresis. J. Mol. Biol.
98: 503-517.

STONEKING, M., and A. C. WILsON, 1989 Mitochondrial DNA,
pp- 215-245 in The Colonization of the Pacific. A Genetic Trail,
edited by A. V. S. HILL and S. W. SERJEANTSON. Clarendon
Press, Oxford.

SWOFFORD, D. L., 1989 PAUP, Phylogenetic Analysis Using Parsi-
mony, Version 3.0b. llinois Natural History Survey, Champaign,
1.

TAKAHATA, N., 1989 Gene genealogy in three related popula-
tions: consistency probability between gene and population
trees. Genetics 122: 957-966.

TAKAHATA, N., and M. NEI, 1985 Gene genealogy and variance
of interpopulational nucleotide differences. Genetics 110: 325~
344.

TAVARE, S., 1984 Lines-of-descent and genealogical processes,
and their applications in population genetics models. Theor.
Pop. Biol. 26: 119-164.

THomMmas, R. H., W. SCHAFFNER, A. C. WILSON and S. PAABo,
1989 DNA phylogeny of the extinct marsupial wolf. Nature
340: 465-467.

THoMmAS, W. K., and A. T. BECKENBACH, 1989 Variation in sal-
monid mitochondrial DNA: evolutionary constraints and mech-
anisms of substitution. J. Mol. Evol. 29: 233- 245.

THomas, W. K., J. MAa and A. C. WiLsoN, 1989  Shifting conts-
traints on tRNA genes during mitochondrial DNA evolution
in animals. New Biologist 1: 93-100.

THomas, W. K., S. PAABO, F. X. VILLABLANCA and A. C. WILSON,
1990 Spatial and temporal continuity of kangaroo rat popu-
lations shown by sequencing mitochondrial DNA from museum
specimens. J. Mol. Evol. 31: 101-112.

VIGILANT, L., M. STONEKING and A. C. WILsoN,
1988 Conformational mutation in human mtDNA detected
by direct sequencing of enzymatically amplified DNA. Nucleic
Acids Res. 16: 5945-5955.

VIGILANT, L., R. PENNINGTON, H. HARPENDING, T. D. KOCHER
and A. C. WILsON, 1989 Mitochondrial DNA sequences in
single hairs from a southern African population. Proc. Natl.
Acad. Sci. USA 86: 9350-9354.

WIiLsoN, A. C,, R. L. CANN, S. M. CARR, M. GEORGE, JR., U. B.
GYLLENSTEN, K. M. HELM-BycHowskI, R. G. HicucHI, S. R.
PaLumsl, E. M. PRAGER, R. D. SAGE and M. STONEKING,
1985 Mitochondrial DNA and two perspectives on evolution-
ary genetics. Biol. J. Linn. Soc. 26: 375-400.

WiLsoN, A. C,, E. A. ZIMMER, E. M. PRAGER and T. D. KOCHER,
1989 Restriction mapping in the molecular systematics of
mammals: a retrospective salute, pp. 407-419 in The Hierarchy
of Life. Molecules and Morphology in Phylogenetic Analysis, edited
by B. FERNHOLM, K. BREMER and H. JORNVALL. Elsevier Sci-
ence, Amsterdam.

WRISCHNIK, L. A., R. G. HiGucHI, M. STONEKING, H. A. ERLICH,
N. ARNHEIM and A. C. WILsON, 1987 Length mutations in
human mitochondrial DNA: direct sequencing of enzymatically

amplified DNA. Nucleic Acids. Res. 15: 529-542.

Communicating editor: A. G. CLARK

APPENDIX

The APPENDIX consists of Tables 6—8, which pro-
vide details of fragment patterns and their distribution
for 23 types of babbler mtDNA defined by restriction
enzyme analysis (Table 6), the presence or absence of
51 variable restriction sites among these 23 types of
mtDNA (Table 7), and statistical tests comparing al-
ternative phylogenetic networks for four or more
mtDNAs (Table 8).

TABLE 6

Fragment patterns and distribution of mtDNA types within and
among babbler species

Collecting localities

MtDNA Composite and number of Family
type genotype” individuals® number(s)*
temporalis
1 AACADCBO E:1 13
2 ACDCDABO E:1 17
3 AACADCAA E:1 13
4 AACADCAO E:l 13
5 AACADCBB D:2; E:4 D:19, 21;
E:14-16, 18
6 AAAADCBO D:1 22
7 AAAADCBA D:1 22
8 AACADABA D:1 22
9 AACADCBA D:5 20, 23
10 AAAABAAO A:2;B:3;C:1  A:3,7;B:9,12;
C:24
11 AOAABAAO B2 10, 11
12 FAAAAAAO B:1 11
13 AOOABAAO Bl 11
14 AAAAAAAO A:4; B:2 A:1,2,6,8;
B:10
15 AAAAAADO A:l 4
superciliosus
16 AABAFECC A:l 30
17 AABBFECC F:1; G:1 34, 38
ruficeps
18 BAFBCBAO C:1; F:2; H:2  C:57; F:52, 54;
H:55, 56
19 CAFBEDAO B:1 45
20 BAFBEBAO F:1 49
21 BAFACBAO B:1 48
isidori
22 DDEAGFED 1:2 58, 59
halli
23 EEOADAFA C:1; J:1 39, 42

¢ Capital letters refer to fragment patterns for each enzyme in
the following order: HindI1I, BamHI, Xbal, Sacll, Sall, EcoR1, Clal,
Bglll. "O” means no sites for that mtDNA type digested with that
enzyme,

¥ Letters refer to localities (see Table 1), followed by the number
of individuals.

¢ See MATERIALS AND METHODS. Where appropriate, capital let-
ters indicate specific localities (Table 1) of families listed. Family
group analysis is part of a larger study and numbering is not
necessarily consecutive within or between species.
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TABLE 7

Fifty-one variable sites among 23 babbler mtDNA types defined by restriction analysis

Presence of site

MtDNA

Bglill
000000

EcoR1 Clal

Sall
00001111

Sacll

Xbal

BamH]1

Hindlll

type

110000010

1100000 Q0 0111

000100000
000110000

000100000

001110

000000

110000010
100000010

1110000
1100000

001110

S. V. Edwards and A. C. Wilson

000100
000000
000101
000100
000100
000100
000110
000110
000000
000000

100000010
110000010
110000010
110000010
110000010
110000010
100000010
100000010
100000010
100000010
100000010
100001100
100100010
100100010
100000010
100000010

00001111
00001111
01000100
01000100
01100100
01000100
01100100
01100100

00
00
00
00
00
00
00
00
00

1100000
0100000
0100000

000100000
000100000
000100000
000100000
000100000
000100000
000100000
000100000
000100111

0011160
001110
001110
001110
001110
001110
001110
001110
001100
001110
001110
001110
001110
001110
001111
001101

100000010

10000111

0

001111

20
21

100000010
000000010
001010011

* T

00000111

00

001111

110111

22

000100

0110

00001111
1T
For each enzyme the variable sites are arranged proceeding approximately in the 5" to 3’ direction along the mtDNA light strand (see also Fig. 4). The presence and absence of each

0000000 00

111001000

001011

23

* ok ok g

il

ically informative among P. temporalis
- Sizes of fragments for each type and

ly. In the last row of the table, daggers () mark the ten sites that are phylogenet

mtDNAs (types 1-15), while asterisks (*) mark the 14 sites which are informative only when mtDNAs from the other species are also considered

enzyme are available from S.V.E.

h type of mtDNA are indicated by 1 and 0, respective

site in eac|
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TABLE 8

Examples of statistical tests comparing alternative phylogenetic trees

Number of sites favoring alternative trees

Network or tree description Restriction maps Sequences Combined data

A B C A B C A B C A B C

Within P. temporalis: north vs. south

1. 1/3 us. 12/15 1/12 vs. 3/15 1/15 vs. 3/12 7 0t o 4 1 2 11 1+ 2%
2. 2/6 vs. 10C/11 6/11 vs. 2/10C 6/10Cvs. 2/11 5 0% 0* 7 0f O0f 12 0t Of
3. 4/7 vs. 13/15 4/15 vs. 7/13 4/13 vs. 7/15 5 0% 0* 4 1 1 9 1* 1*
4. Map (M) tree Sequence (S) tree 4 0 0 1 4 1

5. Mor S tree 2 next to 14/12/15 or 14 6 0* 6 13 2t

6. Mor S tree 3/4 next to 11/13 or 10-13 6 0* 8 1* 15 2y

Placement of P. halli (types 23C and 23])

1. 1/23Cvs. 17G/21 1/21 vs. 17/23 1/17 vs. 21/23 3 1 1 8 3 1* 11 4 2%
2. 8/23] vs. 16/18 8/18 vs. 16/23 8/16 vs. 18/23 4 0 1 8 3 2 12 3x 3%
3. 10C/23C vs. 17F/19 10/19 vs. 17/23 10/17 vs. 19/23 4 1 2 10 1f 2% 14 2t 4%
4. Map (M) tree Sequence (S) tree 3 0 2 9% 5 9

5. Mor S tree 23C/23] next to 12/15 3 1 5 1 7 2

6. M or S tree 23] next to 16/17 3 0 7 0f 9 2%

In tests 1-3 in each set, the four-taxon networks are described by two pairs of numbered mtDNAs (see Table 6 and Figure 8) joined by a
central branch (“vs.”). A slash indicates that the taxa are meant to form a monophyletic group. Map trees are those in Figures 6A (intra-P.
temporalis comparisons) and 7A (tests of placement of P. kalli), while the sequence trees are those in Figs. 6B and 7B for the same comparisons.
In tests 5 and 6, for tests using map data, the map tree was tested against the indicated alternative, while in tests using sequence data, the
sequence tree was tested against the indicated alternative. Also, in tests 5 and 6 in each set, when the combined data were used, the data
were made to conform to the appropriate sequence tree (Figures 6B or 7B), then tested against the indicated alternative; thus, the results of
tests using the combined data are not necessarily sums of the tests on map and sequence data. The probability, computed with a one-tailed
binomial test, that trees A and B or A and C are statistically equally parsimonious in accounting for the observed distribution of sites is
indicated with symbols next to the number of sites favoring trees B and C as follows: *, P < 0.05; 1, <0.01. The number of steps a given site
underwent on trees that possess polytomies was determined by the “soft polytomy” method of MADDISON (1989); in this method the minimum
number of steps of each site on a polytomous tree is determined by finding the minimum number of steps of each site on fully resolved trees
that are compatible with the polytomous one.



